Experimental and computational study on the reactivity of 2,3-bis [(3-pyridylmethyl) Abstract An earlier developed alkylating path leading to tetraalkylated diaminomaleonitrile derivatives was explored. Attempts to explain the reactivity of the representative dialkylated diaminomaleonitrile 2,3-bis[(3-pyridylmethyl)-amino]-2(Z)-butene-1,4-dinitrile during the alkylation reaction were performed using X-ray and density functional theory (DFT) studies. The condensed Fukui functions accompanied by softness indices were found to be useful in explaining its reactivity observed during the reaction. The values of the Fukui functions and condensed softness for electrophilic attack calculated from Mulliken, Löwdin, and natural population analyses closely corresponded to the experimental observations. When 2,3-bis[(3-pyridylmethyl)amino]-2(Z)-butene-1,4-dinitrile disodium salt was treated with dimethyl sulfate at lower temperatures the alkylation reaction prevailed, whereas at higher temperatures the alkylating agent acted as a hydride anion acceptor, which favored the elimination reaction. The tetraalkylated dinitrile 2,3-bis[methyl(3-pyridylmethyl)amino]-2(Z)-butene-1,4-dinitrile was used in the synthesis of tribenzoporphyrazine bearing methyl(3-pyridylmethyl)amino groups, which was subsequently subjected to solvatochromic and metallation studies. The changes observed during metallation seem to result from the coordination of the 3-pyridyl group by a palladium ion. This could influence the configuration of the methyl(3-pyridylmethyl)amino moiety, causing more effective donation of a lone pair of electrons from peripheral nitrogen to the macrocyclic ring.
Introduction
Diaminomaleonitrile (DAMN) and its derivatives have received much attention in recent years and have been extensively used in synthesis of amino-functionalized macrocycles and many other imine and imidazole compounds, pyrazines, pyrimidines, purines, azepines, pyrroles, oxazoles, nucleosides, and in photosynthesis of 4-amino-5-cyanoimidazole [1] [2] [3] [4] [5] [6] [7] . Tetraalkylated derivatives of DAMN are key substrates for synthesis of porphyrazines, including tribenzoporphyrazines bearing amino moieties. Peripheral amino groups provide these electron-rich macrocycles with unusual optical and electrochemical properties. They exhibit unusual coordination properties because of two metal ion binding sites-within the central cavity and by the peripheral amino moieties [3] .
Porphyrins and related macrocycles, including porphyrazines bearing peripheral pyridyl substituents for selfassembly by metal ion coordination, have been widely studied as molecular building blocks for creating supermolecular structures for potential use in nanotechnology [8, 9] . Many of the 2-and 4-pyridyl substituted macrocycles revealed excellent metal ion binding properties [10] [11] [12] [13] . Methyl(2-pyridylmethyl)amino substituted tribenzoporphyrazines have shown excellent metal-binding abilities [3] . Macrocycles with a peripheral 3-pyridyl substituent have been little studied so far [14, 15] , whereas porphyrazines substituted in the periphery with mixed methyl(3-pyridylmethyl)amino and 2,5-dimethylpyrrolyl ligands have revealed selective coordination properties [16] . In view of our work on synthesis and physicochemical studies of porphyrazines and tribenzoporphyrazines carrying peripheral methyl(3-pyridylmethyl)amino substituents, it appeared useful to investigate the spectroscopic properties of the metallated and unmetallated methyl(3-pyridylmethyl)amino moieties.
During the synthesis of a tetraalkylated DAMN derivative from a dialkylated precursor, undesired side-reactions took place, leading mainly to imine precursor formation. We further investigated this reaction in more detail using DFT studies. Imine product formation has been described in literature in various experiments performed on a dibenzyl DAMN derivative. Sheppard and coworkers have shown that 2,3-bis(benzylamino)-2(Z)-butene-1,4-dinitrile may be oxidized with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to dibenzyldiiminosuccinonitrile, which subsequently isomerizes to 2-benzylamino-3-benzylideneamino-2(Z)-butene-1,4-dinitrile [1] . Alkylation studies using a broad range of alkylating agents and bases, performed by Barrett, Hoffman, and coworkers on a dibenzyl DAMN derivative, indicated that in some reaction conditions this compound might act more like a hydride anion donor than a nucleophile. As a result, a reduced yield of tetraalkylated dinitrile, isolation of dinitrile isomers, or imine formation have been observed. Moreover, synthesis of imine has been noted during palladium-catalyzed alkylation of dibenzyl diaminomaleonitrile using methyl chloroacetate and the synthesis of acetic acid functionalized dibenzyl diaminomaleonitrile [4] . We aimed to address the cause of the reactivity of dialkylated DAMN derivatives and attempted to explain it using quantum chemical calculations.
Results and discussion

Synthesis
Sequential double-reductive alkylation of DAMN (1, Fig. 1 ) was employed to yield 2,3-bis[(3-pyridylmethyl)amino]-2(Z)-butene-1,4-dinitrile (5) following a method elaborated by the Sheppard [1] and Barrett-Hoffman teams [3] . The intermediates 2-amino-3-[(3-pyridylmethylidene)amino]-2(Z)-butene-1,4-dinitrile (2) and 2-amino-3-[(3-pyridylmethyl)amino]-2(Z)-butene-1,4-dinitrile (3) have been previously obtained and characterized [16] . It was found that alkylation reaction of 5 using dimethyl sulfate in the presence of sodium hydride in the temperature range -20 to -10°C led to the alkylated 2,3-bis[methyl(3-pyridylmethyl)amino]-2(Z)-butene-1,4-dinitrile (6) with 13% yield. The product was isolated as red-brown oil, which was very unstable during attempted crystallization. Moreover, when the reaction was performed at 0°C, imine 2-[(3-pyridylmethyl)amino]-3-[(3-pyridylmethylidene)amino]-2(Z)-butene-1,4-dinitrile (4) was isolated alone or in the mixture of products, yielding up to 45%. Attempts to elucidate this observation are reported later in this paper.
Linstead macrocyclization of tetraalkylated DAMN derivative 6 (magnesium butanolate in butanol) led in low yield to a symmetrical porphyrazine, which was hardly Fig. 1 Synthesis of dinitriles 4-6, tribenzoporphyrazine 8, and phthalocyanine 9. TFA trifluoroacetic acid soluble and therefore difficult to purify [17] . The new hydroquinone dialkyl ether 3,6-bis(4-fluorobutoxy)benzene-1,2-dicarbonitrile (7) was synthesized by modifying the method of 2,3-dicyanohydroquinone alkylation [18] . A mixed macrocyclization reaction of dinitriles 6 and 7 in pentanol using zinc acetate and 1, (9) . Compound 8 appeared to possess good solubility in common organic solvents due to the presence of lipophilic 4-fluorobutoxy groups in nonperipheral positions. The structures of tribenzoporphyrazine 8 and phthalocyanine 9 were elucidated using nuclear magnetic resonance (NMR) data and are discussed in the Supplementary Material.
Attempts to explain the alkylation reaction of 5 on the basis of crystal structure analysis and quantum chemical calculation
The imine product formation observed during the course of experiments was explained by crystal structure analysis of dinitriles 4 and 5 and quantum chemical calculations of dinitrile 5. The structures of both dinitriles 4 and 5 determined by X-ray crystallography (Fig. 2) show that the chemical modification from the imine group in 4 to the amine group in 5 had virtually no effect on the crystal packing and molecular conformations, as the crystals of these two compounds are isostructural.
In compounds 4 and 5 the amino N atom in part A has planar sp 2 hybridization and all atoms bonded to N8A are coplanar with the maleonitrile fragment [the torsion angle C7A-N8A-C2-C3 is -173.6(1)°and -171.4(1)°for 4 and 5, respectively]. Thus, there is significant involvement of the amino N lone pair of electrons with the p-system of the maleonitrile unit, which results in shortening of the formally single N8A-C2 bond [the bond distance is 1.346(2) Å in 4 and 1.359(1) Å in 5]. In the chemically symmetrical compound 5 both parts, A and B, of the molecule are structurally different, because the amino N8B atom in part B has sp 3 hybridization. The sp 2 hybridization of the two amino N atoms would result in steric hindrance between the two amino hydrogens, and the relief of the strain in 5 is achieved by pyramidalization of one of the enamine N atoms (N8B), giving rise to the reduction of conjugation between the electron lone pair of the amino nitrogen and the double-bond p electrons. This fact is reflected in a significant lengthening of the Csp 2 -N bond to this amino group [C3-N8B 1.408(2) Å ]. In compound 4 the p-electron delocalization occurs over a larger part of the molecule than in 5 because it additionally includes the imine -N=C-fragment and the pyridine ring. In 4 the imine group is conjugated not only with the maleonitrile fragment but also with the pyridine ring, and this explains why the corresponding Csp 2 -Nsp 2 and Csp 2 -Nsp 3 bond X-ray data showing inequivalence of the two sides of dinitrile 5 in the solid state have pleasingly corresponded to literature quantum mechanical calculations of the rotational barriers in diaminomaleonitrile performed by Dwyer et al. [19] . DAMN is able to achieve stability by rotating one amino group of the heavy atom plane by 90°so that the amino hydrogens lie above and below the aforementioned plane and conjugating a single N lone pair into the C=C p system. What has been found interesting in the minimumenergy structure of DAMN is that the amino nitrogens are pyramidal and the C-N bond of the twisted amino group is 0.04 Å longer than the C-N bond which is coplanar with the maleonitrile part. The minimum-energy structure of DAMN implies that the most stable geometry involves delocalization of a lone pair from a single nitrogen. We consider that this may generally explain the observed inequivalence of the two DAMN amine groups during reductive alkylation and force the sequential doublereductive alkylation of DAMN in the synthetic path.
Our DFT studies were performed in order to explore the reactivity of 5 during alkylation reaction. Optimizations of molecular structures of 5 in the form of its disodium salt (5-Na) at the B3LYP/6-31G(d,p) level were preceded by conformational study of 5 in vacuo at the B3LYP/6-31G(d,p) level. As a result of this search, more than 100 conformations were found for 5, in which 26 groups of conformers were identified. These conformers possessed dihedral angles of very similar values within the same group: a 1 (C3-C2-N8A-C7A), a 2 (C2-C3-N8B-C7B), b 1 (C2-N8A-C7A-C1A), b 2 (C3-N8B-C7B-C1B), and four different sets of angles describing 3-pyridyl ring rotation c 1 (N8A-C7A-C1A-C6A) and c 2 (N8B-C7B-C1B-C6B). In almost all conformations the molecular frame (DAMN moiety with CH 2 groups) was found to possess C 1 symmetry, with the exception of two conformations for which C 2 symmetry appeared and the other two for which the symmetry of the molecular frame was very close to C 2 (the same group of four conformations with similar values of a 1 , a 2 , b 1 , and b 2 ).
In the next step, three conformations of 5 found in the conformational study were selected: the unsymmetrical conformation with the lowest energy (C 1 symmetry), another unsymmetrical conformation (the energy of which is higher than that found for the previous conformation but lower than that of the optimized X-ray structure), and a symmetrical conformation (C 2 symmetry). The optimized X-ray structure of 5 was selected as the fourth conformation for further study. Hydrogen atoms H8A and H8B in these four conformers of dinitrile 5 were replaced with sodium atoms to give the corresponding sodium salts (5-Na1-5Na4), which were subsequently optimized in the gas phase. These optimizations were followed by vibration frequency calculations to ensure that all four conformations were true minima on the potential-energy surface (Table 5S , Supplementary Material).
The condensed Fukui functions were applied to explain both reaction paths observed during alkylation reaction of 5, one being alkylation to 6 and the other being formation of imine 4. The selected values for the Fukui functions f Table 1 (complete data Tables 6S-9S , Supplementary Material) [20] .
DFT calculations indicate that both sides of dinitrile disodium salt 5-Na are identically or almost identically traceable for alkylating agents (Fig. 3) . The values of the s Nevertheless, it might be presumed that, at higher temperature, especially for unsymmetrical conformers, the elimination reaction might take place (s À k values for H71A, H72A and H71B, H72B). Moreover, the overall tendency for the elimination reaction to proceed, based on the ratios of s À k values for H71A, H72A to N8A and H71B, H72B to N8B, is more marked for unsymmetrical conformers than for symmetrical ones (Table 10S , Supplementary Material).
The calculated data pleasingly correspond to the experimental observations. When dinitrile 5-Na was treated with dimethyl sulfate at lower temperature the alkylation reaction prevailed, whereas at higher temperature the alkylating agent acted as hydride anion acceptor, which favored the elimination reaction.
Spectroscopic and solvatochromic studies
Since the heteroatoms present at the b positions of porphyrazines and tribenzoporphyrazines are in direct electronic contact with the macrocyclic core p system, the binding of metal ions is evidenced by profound changes in their UV-Vis spectra. The research previously performed on metalloporphyrazines functionalized with heteroatoms coordinating additional metal ions has opened the way to the applications of these compounds as sensors, which have been demonstrated so far for, e.g., pzs bearing peripheral diaza-18-crown-6 ring systems and N-methyl-(2-pyridylmethyl)amino units [3, 21] .
UV-Vis spectroscopy was employed to evaluate solvatochromic effects of 8 and 9. In dichloromethane:methanol (1:1) solution, tribenzoporphyrazine 8 exhibits a Soret peak at 332 nm and Q-band at 730 nm with shoulders at 660 and 810 nm. Solvatochromic studies performed on 8 (Fig. 4) and 9 (Fig. 11S , Supplementary Material) in various aprotic and protic solvents revealed the Q-band changes in the range from 723 nm (acetonitrile) to 736 nm (pyridine) [22, 23] . The Q-band wavelength is better correlated to the refractive index than the dipole moment for 8 and 9 ( Table 2 ), suggesting that the red-shift is due to solvation rather than coordination.
Tribenzoporphyrazine 8 was further subjected to titration with palladium ions, showing significant changes in the UV-Vis profile, probably due to heterobimetallic porphyrazine product formation carrying the exocyclic di(3-pyridylmethyl)-PdCl 2 bonded fragment. Titration with Pd(II) resulted in a less intensive decrease in the Soret band and a more intensive Q-band absorption that continued through a Pd(II)-ligand ratio of ca. 1 (Fig. 4) . Additionally a large red-shift of the Q-band by 120 nm together with a shift of the n-p * peak to ca. 560 nm were observed. We propose that the changes observed during metallation are due to the coordination of the 3-pyridyl group by a palladium ion, which may change the configuration of the methyl(3-pyridylmethyl)amino moiety, causing more effective donation of a lone pair of electrons from peripheral nitrogen to the macrocyclic ring. This proposition is based on the fact that the n-p* band in the UV-Vis spectrum of tribenzoporphyrazine did not occur before, but after the metallation. Unfortunately, this complex appeared to be very sensitive to light and oxygen, as its photobleaching slowly occurred and it was not possible to obtain crystals suitable for X-ray measurements. ) are given in parentheses Experimental and computational study on the reactivity of amino substituents 603
Conclusions
A previously developed alkylating path leading to tetraalkylated diaminomaleonitrile derivatives was examined. An attempt to explain the reactivity of the representative dialkylated diaminomaleonitrile 2,3-bis[(3-pyridylmethyl)-amino]-2(Z)-butene-1,4-dinitrile during alkylation reaction was performed using X-ray and DFT studies. The condensed Fukui functions accompanied by softness indices appeared to be useful in the explanation of both routes of the observed alkylation reaction. The values of the Fukui functions and condensed softness for electrophilic attack calculated from Mulliken, Löwdin, and natural population analyses closely correspond to the experimental observations. When 2,3-bis[(3-pyridylmethyl)amino]-2(Z)-butene-1,4-dinitrile disodium salt was treated with dimethyl sulfate at lower temperatures the alkylation reaction prevailed, whereas at higher temperatures the alkylating agent acted as hydride anion acceptor, which favored the elimination reaction. The tetraalkylated dinitrile 2,3-bis[methyl(3-pyridylmethyl)amino]-2(Z)-butene-1,4-dinitrile was used in the synthesis of tribenzoporphyrazine bearing methyl(3-pyridylmethyl)amino groups, which was subsequently subjected to solvatochromic and metallation studies. The changes observed during metallation appear to result from the coordination of the 3-pyridyl group by a palladium ion, which could influence the configuration of the methyl(3-pyridylmethyl)amino moiety, causing more effective donation of a lone pair of electrons from peripheral nitrogen to the macrocyclic ring.
Experimental
All reactions were conducted in oven-dried glassware under nitrogen. Reaction temperatures reported refer to external bath temperatures. Methanol and dichloromethane were distilled. Other solvents and all reagents were obtained from commercial suppliers and used without further purification. Melting points were obtained on a ''Stuart'' Bibby Sterlin Ltd. Ò melting point apparatus. All solvents were evaporated at or below 50°C. Chromatography was carried out on Merck silica (eluents are given in parentheses). Dry flash column chromatography was carried out on silica gel 60, particle size 40-63 lm. Thin-layer chromatography (TLC) Fig. 3 Optimized structures of dinitrile 5-Na derived from: a the lowest-energy conformation of dinitrile 5-Na1; b one of the C 1 -symmetry conformations of dinitrile 5-Na2; c one of the C 2 -symmetry conformations of dinitrile 5-Na3; d optimized X-ray conformation of dinitrile 5-Na4 c was performed on silica gel Merck Kieselgel 60 and 60 F 254 plates. UV-Vis spectra were recorded on a Hitachi UV/VIS U-1900 spectrometer.
1 H and 13 C NMR spectra were recorded on Varian Unity 300 FT and Bruker DRX-400 spectrometers. Chemical shifts (d) are quoted in parts per million (ppm) and are referred to a residual solvent peak. Coupling constants (J) are quoted in Hertz (Hz) to the nearest 0.5 Hz. The abbreviations s, d, t, p, m, and Ar refer to singlet, doublet, triplet, pentet, multiplet, and aromatic, respectively. Additional techniques [ 1 H-1 H correlation spectroscopy (COSY), heteronuclear multiple quantum coherence (HMQC), heteronuclear multiple bond coherence (HMBC)] were used to assist allocation. Analytical high-performance liquid chromatography (HPLC) was performed on an Agilent 1200 instrument using Agilent Eclipse XDB-C18 (150 9 4.6 mm, 5 lm) column. 
Crystallography
Single crystals of 4 and 5 were obtained at room temperature from ethyl acetate:n-hexane solution. A summary of structure determination is given in Table 3 . Intensity data were collected with a Kuma Diffraction KM4-CCD diffractometer using graphite-monochromated Mo K a radiation. All structures were solved by direct methods with SHELXS97 and were refined with SHELXL97 by full-matrix least-squares based on F 2 [24] . All non-hydrogen atoms were refined anisotropically. Hydrogens at amine N atoms were located on an electron density 
Quantum mechanical calculations
The conformational study process of 5 and 5-Na is described in details in the Supplementary Material. The condensed Fukui functions and condensed softness (see references in the Supplementary Material) were obtained from single-point calculations on the optimized disodium salt structures of 5 (5-Na) with the 6-31G(d,p) basis set, using restricted B3LYP for neutral systems and unrestricted U-B3LYP hybrid functional for the corresponding cation and anion calculations. B3LYP functional appears to be reliable in f
, and f 0 k indices calculations [25] . All calculations were performed using the PC GAMESS/Firefly 7.1.E program [26] . To a well-stirred slurry of 0.808 g 2,3-dicyanohydroquinone (5.04 mmol) and 0.484 g NaH (60% dispersion in mineral oil, 10.08 mmol) in 25 cm 3 dimethylformamide cooled to 0°C, 1.562 g 4-bromo-1-fluorobutane (10.08 mmol) was added after 1.5 h. The solution was heated at 50°C for 24 h. The reaction contents were poured into 65 cm 3 water, and the suspension was vigorously stirred. The resulting whitecream solid was filtered and next suspended in 100 cm
